The user has requested enhancement of the downloaded file. Ten years after the disturbance we still observed significant differences in microbial characteristics between FIR and the other plots, with higher microbial activity at the FIR, while no significant differences were found among the other plots. The results indicate that at a higher altitude the effect of fire on soil microorganisms is more distinct than removing or not removing of fallen trees and persists even over a decade.
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Introduction
Recently, there is evidence of increasing intensity and frequency of extreme climate events such as extreme heat or cold, heavy precipitation or strong wind in most land regions of the world. Due to the ongoing climate change, this increase is expected to continue in the future. Climate change may considerably affect terrestrial ecosystems because of natural disturbances such as flooding, fire, windthrow, bark beetle damage, spread of pathogens etc. Wind disturbance is the main natural driver of forest dynamics in Central and Northern Europe (Seidl et al. 2014) . Windthrows can affect soil properties and nutrient fluxes of forest ecosystems mainly by removing the canopy and provoking the death of roots (Xu et al. 2016) . Trees and forest stands are known to influence soil and its properties in various ways, e.g., through above-and belowground input of organic sources (often differing in their quantity and quality), as well as water and nutrient uptake by plant roots, differences in microclimate, stemflow, pit-and-mound formation after windthrow (Ulanova 2000 , Thürig et al. 2005 . Changes in the herb layer (damage by fallen trees, invasion of non-indigenous species etc.) and regeneration of trees after the disturbance may also modify the soil (Bormann et al. 1995) . Therefore, canopy loss due to natural disturbances (windthrow) or management (clear-cutting) may distinctly influence site conditions and consequently change soil properties (Reinhart et al. 2010 , Hartmann et al. 2016 , mainly in the top soil horizons.
Changes in water and temperature regimes, nutrient leaching, chemical properties and specific processes such as perturbation caused by uprooting, erosion, etc. have been primarily studied up to now (Robertson et al. 1993 , Ulanova 2000 , Kooch et al. 2014 . Changed environmental conditions on the affected areas are expected to result in changed microhabitat conditions for living organisms (Bormann et al. 1995 , Ulanova 2000 , Certini 2005 , Kooch et al. 2014 and, consequently, to be reflected in different responses of soil organisms. However, information about soil biota on windthrow-affected areas especially in longterm is scarce (Wright & Coleman 2002 , Cerevková et al. 2013 , Urbanovičová et al. 2014 .
In November 2004, over 12,000 ha of forest stands in the Tatra Mountains (Slovakia, Central Europe) were broken or uprooted by strong wind. After this event, monitoring of changes in soil properties started at the long-term research plots with different post-disturbance management (salvage cutting, no interference) established by the Research Station of the Tatra National Park. Ten years later, in May 2014, the forest stand which served as a reference plot until that time, was destroyed by another strong wind event. Windthrow areas are usually salvaged; har- vesting of disturbed stands is practiced for the sanitary and economic reasons and to prevent fires whose number increases as a result of extremely hot and dry periods associated with the ongoing climate change. However, in other areas (e.g., protected areas and nature reserves) the fallen trees are retained on site (Köster et al. 2005) . As the environmental conditions at plots with different post-disturbance regime differ, changes in plant cover and soil properties are expected. Shortly after the disturbance, changes in microbial biomass and/ or activity are often observed (Tscherko & Kandeler 1999 , Nielsen & Winding 2002 . Also in the Tatra Mts. we found changes in the soil microbial activity and biomass during the first years after the disturbance (Gömöryová et al. 2011) .
After a disturbance, environmental conditions at the windthrow plots are gradually changing with the formation of a new forest through the ongoing plant succession and trees regeneration. Such changes can be reflected in the responses of soil microbiota to varying degrees at the plots. The objective of this study was to assess the responses of soil microorganisms to wind disturbance 10-years after the event and find whether different post-disturbance management regimes on the windthrow area are reflected in different responses of soil microbiota after a decade. At the same time, the newly disturbed forest (a control plot formerly) would add useful information on windthrow effects directly after a disturbance event and on possible differences in soil microbial responses between "new" and "old" windthrow plots. Understanding the microbial processes in the long-term and their responses to different management regimes may help in the choice of appropriate forest practices regarding the potential nutrient availability for later tree growth, since soil microbiota is the key player in nutrient cycles and nutrient accessibility for plants.
Materials and methods
Site description
The study was performed at the research plots established in 2005 in the windthrow area of the Tatra National Park situated at an altitude of 1040-1260 m a.s.l. with SE-S aspect and slope of 5-10%. 
Soil sampling and analyses
In autumn 2014, soil samples were taken in each plot at 10 m intervals along a 90 m long transect from the depth of 0-10 cm (excluding the surface organic layer). Herb layer (cover percentage and number of species) was recorded around the sampling places.
Immediately after bringing samples to the laboratory, each sample was divided into two parts. One part was intended for microbial analyses, as well as moisture and dry mass assessment, and was stored in a refrigerator at 4 °C until the analysis. The other part was air-dried and used for measurements of soil chemical properties.
Moisture and dry weight were determined gravimetrically by oven-drying fresh soil at 105 °C for 24 hours. Soil acidity was measured potentiometrically in 1 M KCl suspension (20 g soil plus 50 ml KCl solution) after 24 h. For the determination of total carbon (C) and nitrogen (N) concentration MACRO Elemental Analyzer ® (CNS Version, Elementar Gmbh, Langenselbold, Germany) was used, employing the dry combustion method.
Soil microbial biomass C was estimated according to Islam & Weil (1998) using the microwave-irradiation procedure. C concentration in the extract was quantified by oxidation with K2Cr2O7/H2SO4 and titrimetrically by (NH4)2Fe(SO4)2. Basal soil respiration was measured by estimating the amount of CO2 released from fresh soil after 24 h incubation at 21 °C and absorbed in 0.05 M NaOH. The amount of carbonate was determined by titration with 0.05 M HCl after the precipitation of carbonates by 0.5 M BaCl2. For the determination of substrate-induced respiration, soil samples were amended by 1% (w/w) glucose and CO2 evolved was measured as described above after 4.5 h (Alef 1991) . N-mineralisation was determined by anaerobic incubation according to Kandeler (1993) . Catalase activity was measured 10 min after 3% H2O2 was added to fresh soil sample based on the volume of discharged oxygen, according to the method of Khaziev (1976) . For the study of soil microbial community structure, BIOLOG EcoPlates (Insam 1997) were used. Inocula were prepared by resuspending fresh soil in 0.9% NaCl, the supernatant was diluted 1:10,000, and 150 μl of extract were incubated in microtitration plates at 27 °C for 6 days. Absorbance at 590 nm was recorded every 12 h using the Sunrise Microplate Reader ® (Tecan, Salzburg, Austria). Absorbance values were blanked against the control well. Metabolic activity was calculated as the area below the time-absorbance curve, and was used as a measure of abundance of the respective functional group. The richness of the soil microbial community was assessed as the number of substrates with non-zero response. For the estimation of diversity, the Hill's diversity index (Div) was calculated (Hill 1973 -eqn 
where pi is the frequency (relative abundance) of the i-th functional group.
Data evaluation
All results were expressed as dry mass. To account for the effect of the available resources on the microbial community, microbial carbon and basal respiration were also recalculated per unit of total organic carbon (Cmic/C, resp. Resp/C). Metabolic quotient (qCO2) was determined based on the microbial respiration and microbial biomass carbon (Resp/Cmic).
All statistical treatments of data were done using the statistical package SAS/ STAT ® (SAS 2010). Differences in soil physico-chemical properties among plots were tested using one-way analysis of variance (proc ANOVA). As biological soil properties may potentially be influenced by soil moisture, covariance analysis was used to test the effects of plot, taking moisture as a continuous covariate (proc GLM). Pairwise differences between plot means were tested by the Tukey-Kramer test.
Because microbial richness and diversity do not completely explain how the composition of functional groups of microorganisms is related to different management, a multivariate analysis was performed. We 
Results
Ten years after the disturbance, significant differences in some soil properties between plots were still evident (Tab. 1). Among soil physico-chemical properties, distinct differences were found in soil acidity and especially C/N ratio. The REX plot exhibited the highest acidity (pH-KCl 3.19) whereas at the other plots the average values did not drop below pH-KCl 3.49 (Fig. 1) . The lowest C/N ratio was found at the EXT plot, while the other plots exhibited higher C/N ratio (average C/N about 19). Neither C nor N concentration differed significantly between plots due to a high intra-plot variability.
The differences in microbial characteristics between plots are not consistent (Tab. 1). Among the measured characteristics, only basal respiration, N-mineralisation and richness of microbial functional groups differed significantly between plots. Generally, the FIR plot exhibited highest microbial activity (Fig. 2 and Fig. 3 ), while no significant differences were found in microbial activity among the other plots. According to the results of ANOVA, microbial biomass did not differ between plots. However, Tukey-Kramer test indicates differences in Cmic between REX and EXT plots, with higher microbial biomass at the REX plot (Fig. 2) . While the diversity of soil microbial functional groups did not differ between plots, the richness of functional groups was significantly lower at the REX plot in comparison to the others (Fig. 3) .
Among the other microbial indices, qCO2 and Resp/C showed significant differences among different plot management, revealing a higher substrate utilisation at all "old" windthrow plots (Fig. S1 in Supplementary material).
There was neither an unambiguous trend in sample scores of the first two RDA axes, nor a clear association of any management regime with environmental variables (Fig.  4) . Nevertheless, RDA scores were distributed according approximately to the naturalness of the plots: most FIR samples (i.e., samples from the most heavily damaged plot) had negative scores on the RDA 1 axis, whereas most REX samples were concentrated in the upper right corner of the graph. The community structure based on the utilisation of different carbon source showed differences especially between the iForest 10: 515-521 517 
Tab. 1 -Analysis of variance and covariance of soil properties (significance of F-tests
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Soil microorganisms at the windthrow plots REX and FIR plot. At the FIR plot higher utilisation of L-arginine, L-asparagine, N-acetyl-D-glucosamine, glycyl-L-glutamic acid and putrescine, and lower utilisation of Dglucosaminic acid was observed in comparison to the REX plot (Tab. S1 in Supplementary material).
Discussion
Analysis of soil data showed that ten years after the disturbance differences in several soil characteristics still persist between plots with different post-disturbance management. However, among soil physico-chemical properties only C/N ratio distinctly differed between plots. Lower C/N ratio occurred at the plots where fallen trees were extracted and thus an intensive succession of plants took place. On the other hand, higher C/N ratio was found at the plots with persisting aboveground tree biomass. Surprisingly, the C/N ratio at the FIR plot did not differ significantly from the REX and NEX plots, despite the fact that tree remains were extracted and similar herb layer succession was ongoing as on the EXT plot.
Environmental change after the disturbance affected soil microorganisms directly and/or indirectly. In our earlier study (Gö-möryová et al. 2008) , we pointed on the differences in microbial activity at the disturbed plot in comparison to the intact forest one year after the event. FIR plot exhibited the highest microbial activity, due to the reduction in thickness of the surface organic layer, the enrichment of the A-horizon by mineral nutrients released by burning, and the dissolved organic matter from the unburnt remains. Contrastingly, the response of soil microorganisms to different management on EXT and NEX plots generally did not differ, except for slower basal respiration and N-mineralisation on the EXT plot. Later, the responses of soil microbiota to forest disturbances differed as a function of the time since disturbance. As forests recover after the disturbance, postdisturbance changes in soil microbial characteristics can diminish over time. Indeed, a significant positive relationship between time since forest harvesting and microbial biomass has been reported (Holden & Treseder 2013) . Hedo et al. (2015) found that 17 years after fire there were no differences in microbiological soil properties and enzyme activities of soil between burned and thinned, burned and unthinned, and mature plots, because total vegetation recovery normalises post-fire soil microbial parameters; thus wildfire and post-fire silvicultural treatments are not significant factors affecting soil properties after 17 years. The effect of disturbance on soil microbial communities can persist until aboveground vegetation re-grows (Hart et al. 2005) . During the course of vegetation succession, changes in environmental conditions are expected to continue because of gradual changes in plant cover, but their extent and direction are difficult to predict. Rumbaitis Del Rio (2006) showed that understory vegetation composition and diversity in blowdown areas stabilized during the 5 years following the blowdown as compared with control areas, but vegetation cover continued to increase. Lang et al. (2009) found that 25 years after the disturbance, tree basal area, sapling density, shrub layer density and seedling cover converged between unsalvaged and salvaged areas; on the other hand, salvaged forest displayed significantly higher herb richness and cover, and a greater dominance of understory species benefiting from disturbance. In this study, ten years after the disturbance, still the FIR plot significantly differed from the others, showing a higher microbial activity. However, unlike the first year after the disturbance (Gömöryová et al. 2008) , differences between NEX and FIR seem to vanish as no significant differences were found in microbial characteristics (except N-mineralisation) between these plots. Fire usually leads to a decrease of soil biomass and activity because of the extremely high surface temperature during the burning (Certini 2005) , making the conditions for soil microbiota unfavourable. However, the impact of fire on soil microbial biomass and activity is significantly influenced by fire severity, intensity and duration, soil moisture and also soil depth (Certini 2005 , Holden et al. 2016 . It was shown that intense fire with short duration does not affect more than few centimetres below the soil surface. Moreover, burnt aboveground biomass often offers a remarkable increase in the availability of nutrients (Certini 2005) ; thus their release into the mineral horizons could improve conditions for soil microorganisms, resulting in a higher microbial activity and biomass at the FIR plot and persisting over a decade. Also herbs can play an important role in post-disturbance trend. According to a literature review (Certini 2005) , when plants promptly recolonise the burnt area, the pre-fire level of most soil properties can be recovered and even enhanced. At the FIR plot the vegetation cover reached 100% already 2 years after fire, with Chamaerion angustifolium as the dominant species (Homolová et al. 2015) .
Post-disturbance treatments may cause changes in soil properties. Fleischer (2011) confirmed temporal changes in soil temperature and moisture on sites with different disturbance regimes. Peterson & Leach (2008) found that salvaged areas had significantly greater variety of microsites, higher soil temperature and greater canopy openness on comparison to unsalvaged areas. Studies on soil microorganisms at plots cleared and not-cleared after windthrow are scarce (Köster et al. 2011) . More studies are related to clear-cut and partially cut plots, which could be roughly compared with post-windthrow treatments. As shown by Holden & Treseder (2013) , while forest clear-cutting had a significant negative impact on soil microorganisms, partial harvesting did not significantly affect soil microbial biomass. Even ten years after the disturbance, we did not confirm any differences in microbial characteristics between the salvaged and unsalvaged plots, in spite of the fact that they differed in the above-ground biomass (dead biomass of fallen trees), herb layer cover and microclimate. Surprisingly, no significant differences were found also between the REX plot (new windthrow plot) on one side and the EXT and NEX plots (old windthrow plots) on the other side. The lack of differences indicate that at higher elevations, on soil with a low pH and a high carbon stock, the influence of mesoclimate on soil microorganisms is more important than the differences in environmental conditions (microclimate, herb layer etc.) caused by different postwindthrow management. As mentioned above, the REX plot served as a control plot until the disturbance in 2014. As the reference (control) plot became itself wind-damaged and no other plot fulfilling the criteria of reference plot was found, it was not possible to evaluate the impact of the "new" and "old" windthrow on soil microorganisms in contrast to intact forest.
Positive as well as negative effects of natural disturbances on belowground diversity were observed depending on the time since disturbance (Certini 2005 , Bárcenas-Moreno et al. 2011 , Cerevková et al. 2013 , Urbanovičová et al. 2014 . Meta-analysis of the disturbance effect on species richness performed by Thom & Seidl (2015) showed that species richness increases by 35.6% on average for a high-severity disturbance event. At the windthrow plots of the Tatra Mts. only the REX plot differed significantly in the richness of soil microbial functional groups from the others. Community structure based on the utilisation of different carbon sources showed differences especially between the REX and FIR, i.e., the freshly disturbed plot and the most affected "old" plot, respectively. Even though there is no one-to-one relationship between the functional and taxonomical groups of microorganisms, this supports the suggestion that the composition of microbial community is driven by the plant community composition (Wardle et al. 2004) . Knelman et al. (2015) highlighted an important role of plant colonization in succession by a clear connection between plant and bacterial communities in a postfire landscape. Different plant species produce litter and exudates in different quality varying in their degree of stimulation for soil microorganisms (Hart et al. 2005) . Since the windthrow, the aboveground input of herbaceous litter with higher N and lower lignin content increased and the deposition of acid spruce needles decreased at the disturbed plots in comparison to the newly formed windthrow plot in the Tatra Mts., which was also reflected in a lower soil C/N ratio. Moreover, the FIR plot was enriched by the ash from the iForest 10: 515-521 519
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burnt litter in comparison to the other plots, which could differentiate the microbial community structure at this plot from the others. The fact that the shifts in nutrient availability may drive microbial community succession was confirmed by Knelman et al. (2014) . As the aboveground standing plant biomass increases through time after disturbance, changes can be expected until the mature stage of forest is reached. However, information about the changes of soil microbial community structure at post-disturbance plots in long-term is scarce (Dangi et al. 2010 ).
Conclusions
Extreme climate events leading to forest disturbances including windthrow and fire can be expected worldwide as a consequence of ongoing climate change. As they can affect also the environment of soil microorganisms after the disturbance, information about the changes in microbial community and time of its recovery can be very important as the soil microorganisms play the key role in nutrient cycles and their availability for plants. The present study showed that the absence of significant differences in microbial characteristics and a similarity of microbial community composition between the extracted and not-extracted plots persists ten years after the windthrow, despite the fact that a significant difference between plots in C/N ratio appeared as a consequence of the input of the organic matter of different quality. A beneficial effect of the reduction of thick surface organic layers after wildfire and the consequent release of nutrients persists over a decade and is reflected in still higher microbial activity at the burnt plot in comparison to the other windthrow plots. Microbial characteristics at the "new" windthrow plot did not differ from the plots with different management, except the burnt plot. These results suggest that at a high elevation the regional mesoclimate has a deeper effect on soil microorganisms than different post-disturbance management regime (removing or leaving fallen trees), in contrast to a wildfire, whose distinct effect lasts longer than a decade.
